Since the discovery by Enders, Weller, and Robbins in 1949' that poliovirus could multiply in cultures of non-nervous tissues, cell culture techniques have been used extensively in the studies of enteroviruses' for the last decade. The accumulated literature reveals that the usefulness of these culture methods is many-fold and may include virus isolation, virus multiplication studies, and serological diagnoses of disease, as well as epidemiological investigations. A review of tissue culture techniques in the study of enteroviruses has been published in detail by Weller' and by Melnick." This discussion will deal with a few biological characteristics of certain enteroviruses in primary cell cultures and the applications of these culture techniques in genetic studies of animal viruses.
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BIOLOGICAL CHARACTERISTICS OF ENTEROVIRUSES

Host cell specificity
In searching for a uniformly susceptible host system which can be easily obtained for the study of the entire family of enteroviruses, primary kidney cell cultures derived from a variety of primates and non-primates were tested. In the primate group, human kidney tissues, as well as kidney cells from Old World monkeys, baboons of Africa and Asia, and New World monkeys from South America were grown in culture. In the non-primate series, kidneys of domestic and laboratory animals were used. The results for the subsequent discussion on host cell specificity are shown in Figure 1 .
Primate kidney cell cultures. It is apparent that human kidney and rhesus (Macaca mulatta) cell cultures were sensitive to infection by all the enteric viruses tested. Patas (Erythrocebus patas) cells were highly susceptible to the three types of poliovirus, group B Coxsackie and group B of ECHO (types 7, 10, and 12) The sensitivity of rhesus and human kidney cultures for the primary isolation of ECHO 2 and ECHO 11 from human stools is shown in Table 1 . Rhesus monkey kidney cultures and cells derived from premature baby kidneys were equally satisfactory for the isolation of ECHO virus type 2 from stool suspensions; adult human kidney tissues were not satisfactory for this purpose. HK cultures from infants were highly sensitive for isolating ECHO 11 (WB) virus from stool suspensions, whereas rhesus cells were less susceptible to infection by this particular strain of ECHO virus. Figure 2 illustrates the CPE of ECHO-il (WB) virus in rhesus and infant kidney cell cultures. Extensive cellular destruction was observed in the HK culture (derived from premature baby kidney tissue) eight hours after infection, whereas only small foci of degeneration occurred in rhesus cultures 48 hours after inoculation. It is concluded, therefore, that in a search for a universally sensitive tissue culture system for the isolation of unrecognized etiological agents of human viral infections, human cell cultures appear to be the most desirable.
Plaque characterization
The development of the plaque method by Dulbecco7 enhanced the versatility of tissue culture techniques for studying animal viruses. However, in order to demonstrate plaques of slow-growing viruses, it was necessary to adapt Dulbecco's technique to stoppered prescription bottle cultures in which kidney cells were stable under agar for two to three weeks or longer.17 Thus, the need for the humidified incubator and C02-air mixture was eliminated.
As reported in the two preceding papers, some distinctive differences in plaque patterns were noted when propagating bovine enteric viruses or arthropod-borne viruses in primary cell cultures.14'
" " Past studies" on the enteroviruses have shown that poliovirus types 1, 2, and 3 produced large, circular plaques with clear centers and sharp boundaries on rhesus monolayers within four or five days after inoculation, with the plaques increasing in size thereafter as shown in Figure 3 . Coxsackie virus plaques were also round, resembling those of the polioviruses except for their delayed appearance, usually about six to seven days after virus inoculation, and healthy cells stained with neutral red could be seen within the area of Coxsackie virus-induced cellular degeneration. This was especially marked at the periphery of the plaques of Coxsackie A 9 (Fig. 3) . ECHO virus plaques, which also are shown in Figure 3 , were smaller and more irregu-363 lar in shape than poliovirus plaques, and their boundaries were diffuse.
Exceptions in this pattern were ECHO types 7 and 12 which formed plaques indistinguishable from those of the polioviruses (Fig. 3) .
Mixed infections were easily and quickly recognized by the use of the plaque technique. However, if this method is used for virus isolation, fluid cultures should also be inoculated in order to detect ECHO viruses which do not produce plaques (ECHO virus types 2, 5, and 6) but induce CPE in fluid cultures. We have also observed recently that certain ECHO viruses produced plaques under agar overlay but were incapable of producing cytopathic changes in parallel fluid cultures.' A similar phenomenon was originally described in tissue culture studies of the arthropodborne virus group.' Amino acids, serum, and other proteins. Dubes' found that development of polio plaque was evident in cultures when the overlay medium was enriched with the addition of L-cystine. Rappaport' showed that in the presence of certain concentrations of glycerine, using a protein-free synthetic overlay medium, poliovirus plaque numbers were reduced, and the rate of plaque development was retarded. Arginine was found to be required for adenovirus plaque production.! Takemoto Goodgall.'9 The former authors found that monkey kidney cultures inoculated with poliovirus type 1 produced smaller and fewer plaques when the overlaid medium contained neutral red and were exposed to light. This photodynamic action of neutral red in cell cultures was also noted by Gouchenour and Baron.10
Temperature of incubation Dubes' and Dubes and Wenner' have noted that when poliovirus multiplied at 230 C., a markedly diminished virulence in monkeys was evident.
Recently, Lwoff and Lwoff`have found that virulent strains of poliovirus grew readily at 39°-40°C., while multiplication of attenuated strains was greatly reduced at these temperatures. Yoshioka et al.' in our laboratory have confirmed this phenomenon, and, in addition, Yoshioka has shown that plaques produced by attenuated poliovirus were inhibited at high temperatures, namely 39°-40°C., but the virulent strains produced plaques equally well at 350 C., 37°C., and 390 C., although the plaques produced at 390 C. were smaller.
Cell cultures
It was noted by Frothingham9 that susceptibility of fluid cultures of human amnion cells to a strain of poliovirus type 2 was increased as the cultures aged. In our hands we have found that younger cultures with compact cell sheets were more sensitive to virus infection under an agar overlay even though variation in plaque size and numbers was evident when different lots of cultures were used. In addition, kidney cells derived from young individuals, especially from embryonic tissues, seemed to be far more sensitive to viral infection than kidney cells derived from adults.' Furthermore, smaller plaques were obtained in HK cultures inoculated with poliovirus of attenuated strains than the virulent ones as shown in Figure 4 , although the yields of the virus were not very different.
GENETIC STUDIES OF COXSACKIE A 9 VIRUS27
Plaque morphology and host cell range have been used as markers for genetic studies with bacterial viruses,'0 and apparently there are many advantages in using such markers for genetic studies in animal viruses.
Adaptation and plaque size variation of Coxsackie A 9 virus
It was shown in the host cell specificity section of this paper that patas monkey kidney cells were found quite resistant to Coxsackie A 9 virus infection. Three attempts to propagate Coxsackie A 9 virus serially in non-irradiated patas cells were unsuccessful (Table 2 ). In contrast, when serial passages were made in x-irradiated patas cultures, virus yields increased at each passage and cytopathic changes became most prominent by the 5th passage.' In Table 3 virus populations in irradiated patas fluid cultures during the course of serial passages are analysed and variations in plaque size noted during the process of these serial transfers are ilustrated. Small plaque-type virus (9.3 per cent) emerged after the second passage in the irradiated patas cells, and 100 per cent small plaques were produced by the sixth tissue culture passage. The identity of the adapted virus was confirmed by neutralization with antiserum from rabbits immunized with a prototype Coxsackie A 9 virus strain.
Plkque type reversion in mice Reversion of the adapted A 9 virus was noted after one mouse passage. Brain suspensions from infant mice inoculated with the adapted virus showed two distinct kinds (large and small) of plaques on rhesus monolayers, but only large plaques appeared in cultures inoculated with a mouse brain suspension of the parent A 9 strain. The large plaque resembling that produced by the parent virus and the small plaques resembling those produced by the adapted strain were found only in mouse brain after inocula- Both the large and small plaques were picked and grown in rhesus tube cultures. The results of further plating of these plaques indicate that viruses from large plaques produced mostly large sized plaques. However, large plaques emerged from small plaque viruses. In general, virus titers in patas cultures were low for large plaques and high for small plaques, resembling those markers for the parent and the adapted strains, respectively. The origin and frequency of this reversion are summarized in Figure 5 . This diagramatic scheme illustrates the nature of the experiments conducted to study plaque variation with Coxsackie A 9 virus. All plaques were measured on rhesus monolayers seven days after seeding. The numbers in the small, medium, and large circles give the percentage of the small, medium, and large plaque types in the populations tested. These data indicate generally that: It is generally recognized that most variation in virus properties is due to mutation and selective outgrowth of the variant rather than to any direct influence of the environment on the multiplication of virus population. Cell cultures and animal viruses I HSIUNG However, in our study the unusually high rate of reversion in plaque types as well as in host cell range during a single passage in either rhesus cultures or infant mice and the apparently complete reversion when the harvest was made in rhesus cultures after a single growth cycle suggested that the host cell may exert a direct influence on the variation observed in Coxsackie A 9 virus. FIG. 5. A summary on plaque variation of Coxsackie A 9 virus. The numbers in the small, medium, and large circles give the percentage of the small, medium, and large plaques in the populations tested.
CONCLUSION
In this symposium we have attempted to review some trends in the application of primary cell cultures in the study of a variety of animal viruses. Cell line cultures of cancerous origin were not utilized in these studies due to the lack of or change in specificity to certain viral infections. To demonstrate such specificity, results may be achieved only when the cultures are derived directly from a specific host. Virologists for the next decade at least will have to continue to be concerned with developing newer methods for the recognition and classification, as well as for the biological and genetic studies of these viruses. We believe that as these techniques become more quantitative, they will contribute substantially to
